A family of insulin receptor substrate (IRS) proteins mediates the pleiotropic effects of insulin and insulin-like growth factor 1 (IGF-I) on cellular function by recruiting several intracellular signalling networks. Conventional murine knockout strategies have started to reveal distinct physiological roles for the IRS proteins. Deletion of Irsl produces a mild metabolic phenotype with compensated insulin resistance but also causes marked growth retardation. In contrast, mice lacking IRS-2 display nearly normal growth but develop diabetes owing to a combination of peripheral insulin resistance and /?-cell failure. As well as the classical metabolic events regulated by insulin signalling pathways, studies in lower organisms have implicated insulin/IGF-1 signalling pathways in the control of food intake and reproductive function. Our analysis of IRS-2 knockout mice shows that female mice are infertile owing to defects in the hypothalamus, pituitary and gonad. 1RS-2-'-mice have small, anovulatory ovaries with reduced numbers of follicles. Levels of the pituitary hormones luteinizing hormone and prolactin and gonadal steroids are low in these animals. Pituitaries of IRS-2-'-animals are decreased in size and contain reduced numbers of gonadotrophs. Additionally, IRS-2-'-females display increased food intake and develop obesity, Key words: insulin, knockout mouse, metabolism, receptor. Abbreviations used: IGF, insulin-like growth factor; IRS. insulin receptor substrate: PI-3K phosphoinositide 3-kinase. 'e-mail d.wkhen@ic.ac.uk 525 despite elevated leptin levels, suggesting abnormalities in hypothalamic function. Coupled with recent observations that brain-specific deletion of the insulin receptor causes a similar phenotype, these findings implicate IRS signalling pathways in the neuroendocrine regulation of reproduction and energy homeostasis.
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Introduction
Insulin and insulin-like growth factor 1 (IGF-1) have pleiotropic effects on cellular and organismal function, regulating such processes as metabolism, growth, cell differentiation and survival [l] . Both act via distinct transmembrane receptors with intrinsic tyrosine kinase activity that, once activated, phosphorylate intracellular target molecules [2] . T h e best defined of these are the insulin receptor substrate (IRS) proteins [2] . These proteins are structurally characterized by C-terminal pleckstrin-homology and phosphotyrosine-binding domains, which are required for high-efficiency coupling to the activated insulin receptor, and an N-terminal region with multiple sites of tyrosine phosphorylation [2] . A family of four mammalian IRS proteins has been identified; homologues of these molecules exist in lower organisms such as Drosophila. IRS proteins act as molecular adapters; once phosphorylated on specific tyrosine residues, they recruit a number of SH2 (Src homology 2)-containing effector proteins and thus are able to activate a cascade of intracellular signalling pathways [2] . The best . Although IRS proteins were initially identified in classical insulin-sensitive cell types, it is becoming clear that these molecules might have a broader role in the integration of metabolism and endocrine function. Study of their distinct physiological roles, particularly through the analysis of murine models with targeted deletions of these proteins, has given new insights into their role in mediating the effects of insulin and IGF-1 in regulating these processes in mammals (summarized in Table 1 ).
Distinct physiological roles for IRS proteins in the classical metabolic actions of insulin
Mice lacking IRS-1, which is widely expressed in insulin-sensitive tissues, show profound growth retardation and insulin resistance [4, 5] . However, these animals, although displaying mild glucose intolerance, do not develop diabetes as a result of compensatory hyperinsulinaemia [6] . In contrast, mice lacking IRS-2 have mild growth defects but develop diabetes owing to a combination of insulin resistance and pancreatic /?-cell dysfunction [6, 7] (see below). Disruption of IRS-3, the expression of which is mostly confined to adipose tissue, has no effect on either growth or glucose homeostasis [8] . Mice lacking IRS-4, which also has a more restricted pattern of tissue expression, have only mildly impaired glucose tolerance [9] . These physiological studies thus suggest distinct roles for the IRS proteins in glucose homeostasis, with IRS-1 and IRS-2 having the major roles in the classical metabolic actions of insulin. Refinement of our understanding of the tissue-specific roles of IRS-1 and IRS-2 in carbohydrate metabolism has come from hyperinsulinaemic euglycaemic clamp analyses in vivo of IRS-1-null and IRS-2-null mice [lo] . T h e findings of these studies extend in vitro observations showing that glucose transport in response to insulin is impaired in both skeletal muscle and isolated adipocytes from IRS-1 -null animals but is essentially normal in these cell types derived from IRS-2-null mice [4, 5, 11] . Both IRS-1-null and IRS-2-null mice (studied before the onset of glucose intolerance) have profound insulin resistance. IRS-1 -null mice have marked defects in skeletal muscle carbohydrate metabolism, including glycogen synthesis, whereas IRS-2-null mice have only mild defects in these parameters. These findings suggest that IRS-1 has the major role in skeletal muscle, an observation which is consistent with recent results obtained from mice with compound heterozygote disruption of the insulin receptor and either IRS-1 or IRS-2 [12] . Hepatic glucose output is another major determinant of blood levels and an analysis of liver carbohydrate metabolism provides further evidence for distinct roles for IRS-1 and IRS-2. IRS-2-null mice, in contrast with IRS-1-null mice, have profound defects in the suppression of hepatic glucose production by insulin and defects in the regulation of glycogen metabolism. These findings, taken together with observations in vitro from hepatocytes lacking the insulin receptor and adenoviral re-expression studies in vivo in the liver, suggest that a major factor in the development of the diabetic phenotype in IRS-2-null mice is the impairment of hepatic carbohydrate metabolism [7, 13] . Furthermore, the analysis of lipid metabolism in vivo suggests that IRS-2 also has a role in the suppression of lipolysis. Taken together, these studies have started to show that IRS-1 and IRS-2 mediate divergent insulindependent metabolic events, with each protein having selective roles in mediating insulin action in target tissues. The task now is to understand the molecular and cellular basis of these observations ; this will require further analysis of the precise signalling events downstream of each IRS in vivo and analysis of other differences such as subcellular localization. However, it is already clear that in the liver and skeletal muscle of IRS-1 and IRS-2-null mice there are major differences in the regulation of PI-3K activation in response to insulin [7] .
Role of insulin receptor signalling pathways in pancreatic p-cell function
Although resistance to the actions of insulin in the classical insulin-sensitive tissues muscle, liver and fat are important in the early stages of type 2 diabetes, a failure of j3-cell compensation in the face of this insulin resistance is required for progression to the diabetic state [14] . The development of diabetes in the IRS-%-null mouse and the subsequent observations that these animals fail to develop p-cell compensation was the first direct evidence in vivo that insulin signalling pathways are involved in P-cell function. It was shown subsequently that IGF-1-receptor/IRS-2 pathways are required for normal p-cell development and compensation to insulin resistance [15] . Embryos homozygous for IGF-1-receptor-null alleles show a marked impairment of p-cell development, and animals lacking IRS-2 and heterozygous for IGF-1 -receptor-null alleles display impaired /%cell development, proliferation and survival [15] . A further critical observation in vivo is that mice generated through Cre-loxPmediated techniques, such that they lack the insulin receptor specifically in p cells, display insulin secretory defects that are characteristic of type 2 diabetes [16] . These analyses in vivo have delineated a critical role for insulin-receptor-signalling pathways in P-cell function. Furthermore, the analysis of insulin and IGF-1 signalling pathways in vitro has shown that these pathways regulate /?-cell proliferation and insulin gene transcription. In particular it seems that IRS-2 pathways are important in the control of cell proliferation, whereas IRS-1 pathways might be more critical in insulin synthesis and secretion [17-191. These observations have given new insights into the regulation of 8-cell function and have uncovered hitherto unsuspected roles for IRS proteins in p-cell physiology. Taken together with studies with gene-targeted murine models, they have highlighted the role of IRS proteins in classical insulin-sensitive tissues and their role in co-ordinating peripheral insulin signalling with /?-cell function.
IRS proteins and insulin signalling pathways in neuroendocrine physiology: the role of IRS-2 in co-ordinating reproductive function and energy homeostasis
Recent observations have implicated insulin receptor and IGF-1 receptor signalling pathways in the regulation of fertility, metabolism and longevity in Caenorhabditis elegans and Drosophila [20] . In these organisms, these pathways are critical in co-ordinating the response to stresses such as nutrient restriction with reproductive function. For example, in C . elegans, the insulin/ IGF-1 receptor homologue DAF-2 acts through the AGE-1 protein PI-3K to regulate development, reproduction and longevity in response to environmental signals such as food. Mutations in these pathways can induce developmental arrest at the dauer stage and reduce fertility [21] . Similarly, deletion of CHICO, the Drosophila IRS protein, causes female sterility as well as reduced somatic growth and increased lipid storage [22] . In mammalian systems, until recently there has not been robust evidence in vivo that such pathways are important. However, several lines of evidence had suggested that insulin and IGFs might act in the hypothalamo-pituitary-gonadal axis. Insulin, IGF-1 receptors and IRS proteins are present in the hypothalamus and pituitary gland [23] . Hypothalamic administration of insulin suppresses food intake, implicating it in the central regulation of energy homeostasis [24] . Furthermore, the deletion of IGF-1 in mice results in arrested follicle development, suggesting that IGF-1 is required for the completion of follicle formation; studies on human granulosa cells suggest that insulin has a crucial role in folliculogenesis [25] . Studies with IRS-null mice and animals lacking other insulinsignalling components have started to yield detailed insights into the role of these evolutionarily conserved pathways in the regulation of fertility and metabolism in mammals.
Analysis of female IRS-2-null mice has revealed that these animals are infertile and have disorders of energy homeostasis that are independent of the diabetic phenotype [26] . IRS-2-null females have small, anovulatory ovaries with reduced numbers of follicles and an absence of corpora lutea. Ovaries are resistant to superovulation, suggesting intrinsic defects in ovarian function. However, plasma levels of luteinizing hormone, prolactin and sex steroids are low, which suggests defects at the hypothalamic level as well as in the gonads and pituitary. Pituitaries of IRS-2-deficient mice are decreased in size and contain reduced numbers of gonadotrophs. Interestingly, food intake, body weight and fat deposition are also dysregulated in IRS-2 knock-out females. IRS-2-null mice consume 30% more food than wild-type littermates and at 8 weeks of age weighed 20% more and had twice as much body fat as control animals. Furthermore, IRS-2-null mice have defective leptin-stimulated hypothalamic STAT3 (signal transduction and activators of transcription 3) phosphorylation, suggesting that there is potential convergence between leptin and insulin signalling in the hypothalamus [26] . Taken together, these observations suggest that IRS-2 pathways might integrate reproductive function and energy homeostasis in mammalian systems.
Additional evidence that IRS pathways regulate hypothalamic function comes from the observation that IRS-4-null mice display mild defects in feeding behaviour and reproduction [9].
These abnormalities are not as severe as those in IRS-2-null mice but the high levels of IRS-4 expression in the hypothalamus suggest a physiological role in the brain. T h e generation of animals with neuron-specific deletion of the insulin receptor has given further insights into the role of insulin signalling mechanisms in the co-ordination 0 200 I Biochemical Society of reproductive function and energy homeostasis. These mice display increased body fat content and hypothalamic impairment of reproduction [27] .
Conclusion
Analyses of gene-targeted mice lacking IRS protein pathways have started to reveal distinct physiological functions for different members of this family of proteins. T h e studies have identified tissue specific effects of these molecules and have also provided insights into novel roles for these proteins, highlighting their involvement not only in the classical metabolic effects of insulin but also in the global regulation of neuroendocrine function.
